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Abstract 


This paper presents comparisons of analytically- 
predicted and experimental turbulence responses of 
a wind-tunnel model of a DC-10 derivative wing 
equipped with an active control system. The active 
control system was designed for the purpose of 
flutter suppression, but it had the additional 
benefit of alleviating gust loads (wing bending 
moment) by about 25 percent. Comparisons of various 
wing responses are presented for variations in 
active-control-system parameters and tunnel speed. 
The analytical turbulence responses were obtained 
using DYLOFLEX, a computer program for dynamic 
loads analyses of flexible airplanes with active 
controls. In general, the analytical predictions 
agreed reasonably well with the experimental data. 
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phase-control -filter time constant 
phase angle, degrees 
vector of normalized modal deflec- 
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power spectral density function of 
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normalized power spectral density 
function of response R 
power spectral density function of 
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Abbreviations 
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active control system 
frequency modulated 
power spectral density 
root mean square 


A dot over a quantity represents time derivative. 
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generalized aerodynamic vector due 
to gust 

load coefficients due to gust 
aerodynamics 
frequency, Hz 

frequency response function of 
response R 

fraction of nominal gain 
phase-control -filter gain 

bending moment in the plane of the 
wing about axis perpendicular to 
wing spar 

generalized structural stiffness, 
damping, and mass matrices 
generalized aerodynamic matrices 
due to motion 

load coefficient vectors due to 
inertia 

load coefficient vectors due to 
motion aerodynamics 

vector of generalized coordinates 
Laplace variable 
torsion about wing spar 
vertical gust velocity 

vertical acceleration, positive 
down 

aileron deflection, positive 
trailing edge down 
commanded actuator rotation 

root-mean-square value of 
response R 
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As part of the NASA Aircraft Energy Efficiency 
Program, the NASA Langley Research Center entered 
into a cooperative study with the McDonnell Douglas 
Corporation to test two NASA-developed control laws 
for active flutter suppression on an aeroelastic 
wind-tunnel model of a DC-10 derivative wing.l It 
was determined by analysis prior to the wind-tunnel 
tests that, in addition to suppressing flutter, one 
of the control laws was also effective in reducing 
wing bending moments due to turbulence. The anal- 
ysis which predicted the reduction in wing bending 
moment was performed using DYLOFLEX, a computer pro- 
gram system for dynamic loads analyses of flexible 
airplanes with active controls. In order to 
verify that the control law would in fact alleviate 
gust loads, turbulence-response experiments were 
added to the wind-tunnel test plan. These wind- 
tunnel tests provided an opportunity to validate the 
analysis by comparing analytical predictions with 
experimental measurements. 

The purpose of this paper is to present a 
status report on the comparison of the analytically- 
predicted and experimental turbulence responses of 
this DC-10 wind-tunnel model equipped with a NASA- 
designed active control system. Normalized power 
spectral density functions and root-mean- square 
values of wing responses to tunnel turbulence are 
presented for variations in active control system 
parameters and tunnel speed. 


Wind-Tunnel Model 


The wind-tunnel model used in this investiga- 
tion was an aeroelastically-scaled semispan model 
of a DC-10 derivative wing. Detailed descriptions 
of the geometry and construction of the model are 
found in Refs. 1 and 4. A photograph of the model 
mounted in the wind tunnel is presented in Fig. 1. 
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Instrumentation 

Figure 2 presents a sketch of the wing planform 
illustrating the location and type of instrumenta- 
tion used for the experimental investigation. The 
dashed line represents the wing spar. The 1.24-m 
dimension is the model semispan extended to the 
imaginary vehicle centerline. Strain gage bridges 
were located in pairs (+ symbols) at approximately 
the 48 percent and the 78 percent semi span stations. 
The inboard bridge in each pair was aligned to 
measure the torsion about the wing spar; the out- 
board bridge in each pair was aligned to measure 
the bending moment in the plane of the wing about 
an axis perpendicular to the wing spar. An acceler- 
ometer {• symbol) was mounted on the wing spar at 
the 88 percent semispan station. It measured verti- 
cal acceleration and was used as the feedback sensor 
for the active control system. A rotary potentiom- 
eter (■ symbol) was used to measure aileron deflec- 
tion. 

Active Control System 

The active control system (ACS) used in this 
investigation is represented by the block diagram 
in Fig. 3. The box labeled "DC-10 wing" represents 
the wind-tunnel model. The quantity "wg" repre- 
sents a disturbance input from the vertical compo- 
nent of wind-tunnel turbulence. Vertical accel- 
eration (z) is measured at the 88 percent wing 
semispan station. A phase-control filter was 
included to permit entering a "pure" phase angle. 

By properly choosing the quantities t and Kp, a 
phase lead or lag of known amount, (p, may be intro- 
duced at a given frequency without introducing a 
change in the gain of the system. "Nominal" phase 
is (}i = 0°. A washout filter was included to 
attenuate any low-frequency feedback signals and 
to eliminate any DC signals. The ACS filter is the 
NASA-developed control law referred to as "Control 
Law 1" in Ref. 1. (Reference 1 describes the manner 
in which this control law was synthesized and 
compares the predicted and actual flutter-suppres- 
sion performance of this ACS.) The quantity Kg 
is a normalized gain. It was continuously variable 
and had a value of unity for "nominal" gain, and a 
value of zero for system off. The actuator trans- 
fer function in Fig. 3 was obtained from an approx- 
imation to the measured actuator frequency response. 


Wind-Tunnel Tests 

The wind-tunnel tests were conducted in the 
Douglas Long Beach Wind Tunnel (DLBWT) at Long 
Beach, CA. 

History 

This wind-tunnel model was tested in the 
DLBWT on three different occasions. The first was 
without NASA participation and the results of this 
test are reported in Ref. 4. The second and third 
were with NASA participation. The second test 
was devoted almost exclusively to flutter testing. 
However, six turbulence-response runs were made 
with the active control system off and on (nominal 
gain and phase only) at each of three tunnel speeds. 
The third test involved flutter testing and turbu- 
lence-response testing in roughly equal amounts. 

This paper deals primarily with the turbulence- 
response runs made during the third test. 


The flutter tests were conducted first. Flut- 
ter speeds were measured for many combinations of 
the active control system gain (Kg) and phase 
angle (4). On the basis of the flutter tests, 
stable combinations of gain, phase angle and tunnel 
speed were then selected for the turbulence- 
response tests. 

Tunnel Turbulence 

In order to perform the turbulence-response 
wind-tunnel tests, turbulence had to be created in 
the test section. This turbulence was created 
by installing a canvas "banner" across the width of 
the tunnel about 5 m upstream of the test section. 
The flapping of the banner, while the tunnel was 
running, created random fluctuations in velocity. 

Power spectral density functions (psd's) of 
the vertical component of these velocity fluctua- 
tions at tunnel speeds of 30.87, 38.58 and 
44.76 m/sec were provided to NASA by Douglas Air- 
craft, A hot-wire anemometer was used to measure 
time histories of the vertical component of the 
tunnel turbulence. Then, by using time-series- 
analysis techniques on the time-history data, 
Douglas engineers obtained the psd's over a fre- 
quency range of 0 to 50 Hz with a frequency resolu- 
tion of 0.5 Hz. 

To obtain psd's at intermediate tunnel 
speeds, these psd's were processed further at 
Langley. It was determined that the areas under 
the psd's and the maximum values of the psd's 
varied very closely with the square of tunnel speed. 
For this reason, the psd's at intermediate tunnel 
speeds were computed at each frequency using qua- 
dratic interpolation based on tunnel speed. 

Figure 4 contains log-log plots of the power 
spectral density functions of the vertical com- 
ponent of tunnel turbulence for tunnel speeds of 
30.87, 36.01 and 41.16 m/sec. The psd's are 
characterized by very pronounced peaks in the 
neighborhood of 3 Hz. At frequencies above 10 Hz, 
the psd's drop off roughly with the -5/4 power of 
frequency. For comparison, the corresponding 
slopes in the von Kerman and Dryden psd models 
are -5/3 and -2, respectively. 

Data Collection and Reduction 

During the turbulence-response wind-tunnel 
tests, time history responses were obtained from the 
instrumentation presented in Fig. 2. For each test 
condition, approximately 200 seconds of data were 
simultaneously recorded from each instrument on an 
FM tape recorder. At Langley, the analog tape was 
digitized at the rate of 250 samples per second. 

The digitized tape was then processed by a time- 
series-analysis program (using Fast Fourier Trans- 
form techniques) yielding power spectral density 
functions and the corresponding root-mean- square 
values (rms's) of each measured response. The 
frequency range for these psd's was from a low of 
about 1.5 Hz to a high of 125 Hz, with a frequency 
resolution of about 0.5 Hz. Because the analytical 
quantities were computed using the measured tunnel 
turbulence psd (which was only defined up to 50 Hz), 
the experimental quantities were recomputed based 
on an upper frequency limit of 50 Hz. 
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Normalization 

In comparing the system-off turbulence re- 
sponses for the second and third tunnel tests, some 
discrepancies were discovered. Whereas torsion 
responses were repeatable from the second to the 
third tests, the acceleration response and both 
bending-moment responses were not repeatable. At 
the three velocities available for comparison, the 
bending moment responses differed by a factor of 10 
and the acceleration responses differed by a factor 
of 1.25. This difference suggests errors in the 
calibration constants from one test to the other. 

It has not yet been determined which results are in 
error. Because the problem is unresolved, the 
absolute values of the experimental response psd's 
and rms's will not be presented in this paper. 
Instead, normalized values will be presented. In 
eneral , the data will be normalized as follows: 
a) for psd's, the value of the psd at a particular 
response peak will be assigned the normalized value 
of 1.0, and the other values will be scaled accord- 
ingly, (b) for rms's (with the exception of aileron 
deflection), the value for each response will be 
normalized by its system-off value; and (c) because 
the aileron-deflection system-off rms value is zero, 
it will be normalized by the system-on value at 
nominal gain and phase. Normalization will have the 
effect of "removing" any potential calibration 
errors from the experimental results. If calibra- 
tion errors are present in the data, they are con- 
sistent throughout the test. Therefore, the ratio 
of two rms values (for example, bending moment 
system on and system off) which might be "con- 
taminated" by calibration errors would be the same 
whether they are actually contaminated or not. 


(including wing modes, aileron deflection, and 
active-control -system degrees of freedom); and 
Wg is the vertical gust velocity. Equation (1) is 
solved for the generalized coordinates. 

Response Equations 

The response equations (for bending moment, 
torsion, acceleration, aileron deflection) are 
written in terms of the generalized coordinates and 
their derivatives. The equations for wing bending 
moment and wing torsion in the DYLOFLEX notation 
are of the form 


% = LMjJftj} + LM4J{q) + LMgJfq) + C Wg (2) 

T = LM3J{q] + LM4J{q) + LM5J{ql + £ Wg (3) 

These two responses are each made up of contribu- 
tions from inertia forces (the terms involving q), 
aerodynamic forces due to vehicle motion (the terms 
involving q and q), and aerodynamic forces due 
to gust (the terms involving wg). The equation 
for the acceleration at any location on the wing is 


z = UJfli} (4) 

where i() is the vector of modal deflections at the 
location where the acceleration is being computed. 
Because aileron deflection is one of the elements 
of the generalized coordinate vector, its equation 
is simply 


Analysis 

Predicted turbulence responses for the DC-10 
wind-tunnel model were computed using DYLOFLEX, a 
system of computer programs which performs dynamic 
loads analyses of flexible airplanes with active 
controls. 2, 3 The equations of motion in DYLOFLEX 
are formulated through a modal approach using 
Lagrange's equations of motion. The loads equations 
in DYLOFLEX are developed using the method of 
summation of forces. DYLOFLEX requires the follow- 
ing information to perform an analysis; mode 
shapes, generalized mass and stiffness matrices, 
lumped masses, static moments and moments of inertia. 
This information pertaining to the DC-IO wind- 
tunnel model was supplied to NASA by Douglas Air- 
craft. 


6a = qj (5) 

where qj is the jth generalized coordinate. 
Turbulence Responses 

Turbulence responses are predicted in DYLOFLEX 
using random harmonic analysis techniques. For 
each of the responses represented by Eqs. (2) 
through (5), a frequency response function, HR(f), 
is computed. (Subscript R represents any of the 
four responses of interest; f is frequency in Hz.) 
A response power spectral density function is com- 
puted using the frequency response function and the 
turbulence power spectral density function accord- 
ing to Eq. (6) 


Equations of Motion 

In the DYLOFLEX notation the equations of 
motion are written 


«n(f) = 


Hn(f) 




( 6 ) 


[Ml]{q} + [M2]{q} + [MgKq} 

+ [M4]{q> + [MsKq) = (C) Wg (i) 

where the quantities M] , II2, and M3 are general- 
ized stiffness, damping, and mass matrices, 
respectively; M4 and Mg are generalized aero- 
dynamic matrices due to vehicle motion; C is 
the generalized aerodynamic column vector due to 
gust; q is the vector of generalized coordinates 


The quantity (f) is the tunnel turbulence psd 

g 

previously discussed and illustrated in Fig. 4 and 
4>R(f) is the computed response psd. The root-mean 
square values (or) of the responses are computed in 
the following manner 

50 

<I>R(f) df 


(7) 
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Theoretically, the upper limit of integration in 
Eq. (7) should be infinity. However, because the 
tunnel turbulence was only defined to 50 Hz, this 
value was chosen as the practical upper limit. 
Because the experimental psd's and rms's will be 
presented in normalized fashion, the computed 
quantities will also be normalized. In this manner 
the experimental and analytical results may be 
compared directly. 

Stability Analyses 

All analytical results presented in this paper 
are for stable systems. To insure that only stable 
systems were analyzed, stability analyses were 
performed for many combinations of gain, phase, and 
velocity. A stability analysis is performed by 
solving the homogeneous form of Eq. (1) and check- 
ing the signs of the real parts of all roots. 

Though not presented, these rsults are in good 
agreement with the stability results presented in 
Ref. 1. 

Corrections 

The equations of motion in this paper contain 
an empirical correction factor to modify the 
theoretically-computed aileron aerodynamic forces. 
As discussed in Ref. 4, for this wind-tunnel model, 
theoretically-computed aileron aerodynamic forces 
are typically 40 percent higher than measured 
forces. Therefore, the theoretical ly-comnuted 
forces must be multiplied by 0.714 (1/1.4) for 
them to be on the order of the measured quantities. 
For reasons of convenience, this 0.714 factor on 
the aileron forces was incorporated into the anal- 
ysis in an equivalent manner— by multiplying the 
feedback gains by 0.714. (For comparison with 
Ref. 1, a value of Kg of 1.0 in this paper cor- 
responds to a value of 0.714 in Ref. 1.) 

As discussed in Ref. 1, a 10° difference was 
discovered between the measured and computed phase 
angles at the flutter frequency. This difference 
had a significant effect on the flutter results 
and was therefore included in the comparisons of 
predicted and measured flutter boundaries in Ref. 1. 
However, in terms of the turbulence-response re- 
sults, this difference in phase angles had a 
minimal effect and was therefore not included in 
this paper. 

Comparison of Analytical Predictions and Experi- 
mental Results 

Analytical and experimental power spectral 
density functions and root-mean-square values are 
compared in this part of the paper. The responses 
which will be compared are wing bending moment at 
the 48 percent semispan station, wing torsion at 
the 78 percent semispan station, wing vertical 
acceleration at the 88 percent semispan station, 
and (for active-control-system on only) aileron 
deflection. 

Power Spectral Density Functions 

System Off . Figure 5 presents normalized psd's 
of bending moment, torsion, and acceleration for 
the active-control -system off at 30.87 m/sec. They 
are presented as log-log plots and each is. normal- 
ized by its value at the response peak of the first- 
wing-bending mode (at 6.9 Hz). The analytical and 


experimental bending-moment psd's show good agree- 
ment. Both are characterized by twin peaks at low 
frequency (tunnel -turbulence peak and first-wing- 
bending mode) and a prominant peak at about 30 Hz 
(third-wing-bending mode). A peak at about 15 Hz 
(second-wing bending) is clearly visible on the 
experimental psd, but shows up as a barely-distin- 
guishable bump on the analytical psd. 

The torsion psd's do not compare as favorably. 
The peaks of all modes do occur at the correct 
frequencies, but the magnitudes differ, especially 
at the tunnel-turbulence peak (about 3 Hz) and at 
the peak at about 40 Hz (second-wing torsion). 

Both peaks are underpredicted analytically. This 
underprediction is emphasized by the fact that the 
maximum value of the experimental torsion psd 
occurs at the second-torsion peak. 

The acceleration psd's agree more favorably. 

The analytical and experimental psd's agree very 
well through the second-bending peak at about 15 Hz. 
However, the second-wing-torsion peak at about 
40 Hz is again significantly underpredicted by 
analysis. 

System On . Figure 6 presents normalized psd's 
of bending moment, torsion, acceleration and aileron 
deflection for the active-control -system on 
(Kg = 1.0, (j) = 0°) at 30.87 m/sec. With the 
exception of the aileron-deflection psd (which 
did not appear in Fig. 5), all psd's are normalized 
to their system-off values at the first-wing-bending 
peak. The aileron-deflection psd's are normalized 
by their values at the system-on first-bending peak, 
now at a frequency of 10.9 Hz. Because the ACS is 
on, the character of the psd's have changed as com- 
pared to those in Fig. 5. The analysis predicted 
these changes well. The peak at about 3 Hz is 
now due to not only the tunnel turbulence, but also 
due -to an ACS filter mode at almost the same fre- 
quency. The result is an increase in the magnitude 
of those peaks compared to system off. This in- 
crease was predicted analytically and verified 
experimentally. Another change as compared to 
Fig. 5 was an increase in the frequency (from 
6.9 to 10.9 Hz) and a significant reduction in the 
magnitude of the first-bending peak. The reductions 
are clearly illustrated by comparing the magnitude 
of the peak with the horizontal dashed line (which 
represents the magnitude of the first-bending peak 
for system off). 

Comparing the analytically-predicted and 
experimental psd's within Fig. 6, the response peaks 
occur at the same frequencies. As was the case for 
the system-off psd's, the flutter mode shows up 
analytically (as a spike at 12.3 Hz) but not 
experimentally, and the second-torsion peak is 
underpredicted analytically. 

Variation of ACS Parameters . When considering 
gust load alleviation, bending moment is the load 
of primary interest. From Figs. 5 and 6 (from 
system off to system on) there is a significant 
reduction in the area Under the bending moment psd. 
This reduction indicates that this active control 
system, although designed for the purpose of 
flutter suppression, is also effective in alleviat- 
ing gust loads at nominal values of gain and phase. 
Thus, from a gust-load-alleviation point of view, 
it is of interest to investigate the effects on the 
bending moment of varying ACS parameters Kg and ij>. 
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Figure 7 presents analytically-predicted and 
experimental normalized bending-moment psd's for 
four values of gain. Kg. Starting at zero. Kg 
increases from left to right in increments of 0.5. 
Phase angle, <j>, is zero for each plot. The verti- 
cal scales are again normalized to the system-off 
peak value of the first-bending mode. As gain 
increases from 0 to 1.5, the analysis correctly 
predicts the following changes in the bending- 
moment psd: the frequency of the first-bending 

mode increases by almost a factor of two (from 
6.9 Hz to 12.3 Hz); and the magnitude of the first- 
bending peak decreases by one and one-half (1-1/2) 
orders of magnitude. The analysis also correctly 
predicts a small increase in the magnitude of the 
low-frequency tunnel-turbulence/filter peak (at 
about 3 Hz). 

Figure 8 presents normalized bending-moment 
psd's for values of phase angle, i|), of -10°, 0° 
20°, and 40°. The normalization in this figure is 
the same as that in Fig. 7. Gain, Kg, is unity 
for each plot. The analysis correctly predicts 
the trends with increasing phase angle. For both 
analysis and experiment, the psd's for c}i = -10° 
and (j) = 0° are almost identical, with the first- 
bending peak at 10.9 Hz. With increasing phase 
angle, the first-bending frequency again increases, 
resulting, again, in a reduction in magnitude of 
the first-bending peak. At the same time, the 
magnitude of the low-frequency peak increases. 

This increase is attributed to decreased damping 
in the filter mode. At (p = 40°, as compared to 
experiment, the analysis overpredicts the magnitude 
of the filter peak. This overprediction is a 
consequence of the analysis underpredicting the 
damping in the filter mode. With further-increas- 
ing phase angle, the analysis predicts an insta- 
bility in the filter mode. It is believed that the 
analysis predicts this instability at a lower value 
of <p than experiment would indicate. Therefore, 
40° would be "closer" to the instability analyti- 
cally than it would be experimentally, resulting 
in lower damping and a considerably higher response 
peak. 

Root Mean Square Values 

Figure 9 presents comparisons of analytically- 
predicted and experimental normalized rms values of 
bending moment, torsion, acceleration, and aileron 
deflection for variations in the ACS parameters. 

The first three quantities are normalized by their 
system-off rms values. Aileron deflection is 
normalized by its rms value at nominal gain and 
phase. The normalized rms's are plotted as a func- 
tion of gain for the four values of phase considered 
in Fig. 8. In addition to computing rms's at 
the four values of gain for which experimental data 
were available (and considered in Fig. 7), they 
were also computed at intermediate gains of 0.25, 
0.75, and 1.25. Analytical results are plotted as 
open symbols and experimental results are plotted 
as closed symbols. For all four responses, the 
system-off condition is represented by the value 
at Kg = 0. 

Figure 9a illustrates the variation in normal- 
ized bending-moment rms values with gain and phase. 
For all gains, at (f = -10° and (() = 0°, the 
values of the analytical rms's are so nearly equal 
as to be almost coincident on the plot. This 
result is verified experimentally by the closeness 
of the closed circle and triangle symbols at each 
gain. For (j> = -10° and = 0°, the normalized 


bending moment decreases with increasing gain, up 
to reductions of about 20 percent at Kg = 1.0 and 
30 percent at Kg = 1.5. Referring back to the 
bending-moment psd's in Fig. 7, this reduction in 
rms value is due to the large reduction in the area 
under the peak of the first-bending mode. For 
<j) = 20° and <j> = 40° in Fig. 9a, the normalized 
rms increases, both analytically and experimentally, 
with increasing Kg. At gain Kg = 1.0 in Fig. 9a, 
the rms value increases with increasing phase angle. 
Referring back to the bending-moment psd's in 
Fig. 8, this increase is due to the large increase 
in the area under the peak of the filter mode. 

Figures 9b and 9c contain comparisons for 
torsion and acceleration, respectively. The agree- 
ment between analysis and experiment for these two 
responses is not as good as it was for bending 
moment and is, in part, due to the analysis under- 
predicting the second-torsion peak in both the 
torsion and the acceleration psd's. The experi- 
mental torsion and acceleration data are almost 
insensitive to variations in both gain and phase 
angle. In addition, unlike the case of bending 
moment, there appear to be no distinguishable con- 
sistent trends in the experimental data for these 
two responses. Work is continuing to explain the 
differences between analysis and experiment. 

Figure 9d contains comparisons for aileron 
deflection. Inspection of the figure indicates 
good agreement between analysis and experiment. For 
all gains, the normalized rms values show only small 
differences from <J) = -10° to ()> = 0°, but increase 
significantly with increasing phase angle. For all 
phase angles, the rms values increase with increas- 
ing gain. 

Experimental data were also collected at 
tunnel speeds up to 41.16 m/sec. However, because 
of visibly larger wing deflections and the fear of 
damaging the model, at the higher tunnel speeds, 
turbulence-response data were collected at fewer 
combinations of gain and phase. Figure 10 presents 
comparisons of normalized bending-moment rms values 
at 36.01 and 41.16 m/sec, respectively. In this 
figure, analytical results are only presented for 
values of phase angle at which experimental data 
were obtained: three phase angles were tested at 
36.01 m/sec and two phase angles were tested at 
41.16 m/sec. The analytical results presented in 
Fig. 10a for ij) = -10° and ()> = 0° were virtually 
identical. Once again, the experimental data 
verified this result. The "gap" in Fig. 10b for 
the zero-phase-angle analytical data is due to a 
predicted instability at gains of 0.50 and 0.75. 

At both 36.01 and 41.16 m/sec, the trends with 
increasing gain and phase are predicted very well 
by the analysis. 


Concluding Remarks 

Turbulence responses of a wind-tunnel model 
of a DC-10 derivative wing were obtained experi- 
mentally and computed analytically. The model 
was aeroelastically scaled and was equipped with 
a NASA-developed active control system. The 
experimental turbulence responses were obtained by 
performing time series analyses on measured time 
histories of several model responses. The ana- 
lytical turbulence responses were obtained using 
a computer program which performs dynamic loads 
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analyses of flexible airplanes equipped with active 
control systems (DYLOFLEX). 

The wind-tunnel tests afforded the opportunity 
to validate the analysis method by comparing the 
analytical predictions with the measured turbulence 
responses. Tunnel speed and control -system gain 
and phase were varied systematically during the 
tests and the following responses were compared: 
wing bending moment, wing torsion, wing accel- 
eration, and aileron deflection. The analysis 
predicted well the variations of bending moment 
and aileron deflection with active-control-system 
parameters. Experimental torsion and acceleration 
responses exhibited low sensitivity to variations in 
gain and phase angle and did not compare as well 
with the analytically-predicted trends. This 
result is puzzling in light of the favorable agree- 
ment, at the same test conditions, for the other 
two responses. 

Of particular interest is the result that the 
NASA active control system (designed for the purpose 
of flutter suppression only) is also effective in 
reducing wing bending moments due to gust. For 
both analytical predictions and experiment, at 
nominal values of gain and phase, the active con- 
trol system reduced wing bending moments approxi- 
mately 25 percent over a range of tunnel speeds. 
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